To spatially analyze the effects of the major drivers on carbon dioxide equivalent (CO 2eq ) emissions in Inner Mongolia, a typical area with high CO 2eq emissions in China, this paper quantitatively investigates the factors that affect county-level CO 2eq emissions and the corresponding spatial mechanisms. The county-level CO 2eq emissions in Inner Mongolia increased, but the growth rate decreased annually. Additionally, CO 2eq emissions are highly heterogeneous in the region. (c) Geographic factors were the main cause of the spatial spillover effects related to county-level CO 2eq emissions. Specifically, the levels of urbanization and technological progress were conducive to CO 2eq emission reductions, and the economic growth and industrial structure had the opposite effect in Inner Mongolian counties. (d) Technological progress had a significant spatial spillover effect in Inner Mongolian counties, and the effects of other factors were not significant. Implementing relevant strategies that focus on the inter-county interactions among the driving forces of CO 2eq emissions could promote energy savings and emission reductions in Inner Mongolia.
Introduction
Global carbon dioxide equivalent (CO 2eq ) emissions from fossil energy combustion and industrial processes rapidly increased at an average annual rate of 1.8% from 2005 to 2017 and were projected to reach an all-time high in 2018 [1] . With such a high-speed carbon emissions growth model, energy savings and emission reductions have become increasingly imperative [2] [3] [4] [5] . China, as a major energy-consuming and carbon-emitting country, has increasingly attracted global research attention and has overtaken the United States as the world's largest carbon emitter since 2006 [6, 7] . Specifically, CO 2eq emissions in China account for 27% of global emissions from fossil combustion and industrial processes [1] . With an emphasis placed on energy savings and emission reductions, the Chinese government has pledged to decrease its CO 2eq emissions intensity by 40-45% by 2020 compared to that in 2005 [8, 9] . Therefore, low-carbon development must be urgently promoted in China [10] .
According to previous research, the climate warming rate in Inner Mongolia is over double that globally [46] . Therefore, studying the energy-related CO 2eq emissions in Inner Mongolia and the key factors related to emission reductions at the county level is significant for the coordinated development of society, the economy, energy, and the environment in Inner Mongolia.
In Inner Mongolia, each county can be regarded as a spatial unit that is often significantly interdependent on other counties, rather than independent or randomly related [47] . This significant interdependence is called spatial dependence. Most previous studies regarded spatial units as independent and homogeneous individuals, ignoring the spatial relations among adjacent units [9, 48] . Therefore, we employ a spatial panel econometric model that considers spatial heterogeneity and dependence to illustrate the spatiotemporal mechanisms of the driving forces of county-level CO 2eq emissions. By accounting for coupled spatial and temporal effects, a spatial panel econometric model can yield a spatial regression model of the established factors that is highly consistent with reality [49] . Therefore, this approach meticulously yields the spatiotemporal evolution and driving mechanisms of CO 2eq emissions in Inner Mongolian counties.
Above all, this paper explores the spatiotemporal distribution of CO 2eq emissions in Inner Mongolian counties by spatial visualization. Then, the spatial panel econometric model is applied to identify the core driving forces of county-level CO 2eq emissions in Inner Mongolia and the corresponding spatial spillover effects. The results can be used in provincial-level and county-level emission reduction tasks and provide a reference for low-carbon development in provinces with high carbon emissions in the western region of China.
Data and Methods

Data
This study considered 101 county-level administrative units in Inner Mongolia (Figure 1) , and the driving forces of CO 2eq emissions changes were investigated from 2007 to 2012. The data employed in this paper (Table 1) were primarily taken from the Inner Mongolia Almanac [50] , the Inner Mongolia Statistical Yearbook [51] , and the statistical yearbooks of all counties in Inner Mongolia. Specifically, the socioeconomic data were taken from the National Economic and Social Development Annual reports. In addition, the energy-related data were from energy and environmental investigations and the literature. It should be noted that the CO 2eq emissions data employed in this paper refer to the CO 2eq emissions produced by the industrial sector in all Inner Mongolian counties. These values were calculated via the energy coefficient method. The industrial sector classification in this study follows that of the Industrial Classification for National Economic Activities (GB/T 4754-2011) issued by the National Bureau of Statistics and covers 39 industries under the second-level classification. In this paper, CO 2eq emissions are considered an explained variable, and the explanatory variables are the urbanization rate (Urban), per capita GDP (PGDP), technical progress (TP), industrial structure (IS), and the output of the construction industry (VC). Note: CNY refers to Chinese Yuan, and * represents the mean value, standard deviation, minimum value, and maximum value of the variables.
Method
Eco-Spatial Weighting Matrix
The traditional geographical weighting matrix follows the ROOK Adjacent Judgement Principle [9] . However, different spatial interactions exist in different areas. Less developed areas have little impact on developed areas, but the impact on developed areas is the opposite, i.e., a more powerful spatial impact is often observed [52] . An eco-spatial weighting matrix reflects the regional economic level by calculating the average value of the real GDP per capita in a region based on the population in all regions. In this approach, the eco-spatial weighting matrix can be used to explore the specific radiation effects of different economic levels. The corresponding formula can be written as follows:
where W and w denote the eco-spatial and geographical weight matrixes, respectively; y it denotes the real per capita GDP in the i th area during the t th year; and y i and y represent the average real GDP per capita in the i th area and in all areas from t 0 to t 1 , respectively.
Types of Models
Most standard methods in spatial analysis begin with a non-spatial linear regression model to determine whether the model can be extended with spatial interaction effects [53] . According to different "interactive spatial effects", spatial panel models can be classified into four types: ordinary least squares (OLS), spatial autoregressive (SAR), the spatial error model (SEM), and the spatial Durbin model (SDM) [54] .
Traditional econometric models that do not generally include spatial interactive effects may lead to incorrect results. Therefore, this study explored spatial panel modeling, including spatial and temporal effects, to determine the spillover effects of different variables. To select a more realistic spatial regression model and analyze the factors that influence CO 2eq emissions in Inner Mongolia, statistical tests of different spatial panel models were conducted. The test methods were as follows.
First, considering the residual tests of the non-spatial models, this study performed exchange tests with traditional Lagrange multipliers (LM) (includes the LMlag and LMerror tests) and robust Lagrange multipliers (R-LM) (includes the R-LMlag and R-LMerror tests) based on the SAR and SEM, respectively. Second, in terms of selecting between the SAR and SEM, we performed OLS estimation for the CO 2eq emissions in Inner Mongolia via a panel model without spatial interactions. The results are shown in Table 2 , and they indicate that the panel model without spatial interactions is the most suitable model based on the results for both the null hypotheses and the geographical weighting matrix. Additionally, the eco-spatial weighting matrix was rejected at a statistically significant level of 1% with LM and R-LM tests. The likelihood ratio (LR) tests, which were performed to assess the joint significance of the spatially fixed (estimated value = 2569.948, degrees of freedom = 101, p = 0.000) and temporally fixed (estimated value = 472.306, degrees of freedom = 6, p = 0.000) effects, indicated that the bi-directional fixed effects dominate over spatially and temporally fixed effects.
Finally, the Wald and LR tests were further considered to determine whether the SAR model or SEM is better. Table 2 shows that both results contradicted the null hypothesis at a statistically significant level of 5%. Additionally, the Hausman test result (estimated value = 198.928, degrees of freedom = 11, p = 0.000) indicated that the random effect model was rejected. Therefore, the SDM with bi-directionally fixed effects can most accurately describe the mechanisms of CO 2eq emissions in Inner Mongolian counties.
According to the model selection results, the SDM considers the interactive effects of endogenic, exogenic, and autocorrelated terms. Alternatively, the SAR with exogenous interactive effects and the SEM with autocorrelated perturbation error terms do not meet the required criteria. Therefore, SDM can effectively reveal the factors that influence the spatial interactions of CO 2eq emissions among counties. The CO 2eq emissions in Inner Mongolian counties can be expressed as follows:
where C it represents area i's CO 2eq emissions in period t; X it represents area i's independent variable in period t; β represents the coefficient of the independent variable; λ t represents the temporal effects; µ i represents the spatial effects; ε it is the random error effect, which follows a normal distribution; and α represents the coefficient of the spatial lag (an explanatory variable). If α is statistically significant, there are spatial spillover effects associated with the dependent variables among neighboring spatial units.
The Robustness Test
To perform a robustness test of the models, this paper employed spatial panel models based on two different weighting matrixes. One matrix was the eco-spatial weighting matrix, and the other was the geospatial weighting matrix.
Results
The Spatiotemporal Distribution of County-Level CO 2eq Emissions
Inner Mongolia is a vast territory, and the CO 2eq emissions in this area are spatially heterogeneous. The CO 2eq emissions in the province increased rapidly from 2007 to 2012, with an average annual rate of increase of 7.27%. In 2012, CO 2eq emissions totaled 13,921.92 million tons and had increased by 6076.10 million tons comparing to the level in 2007. In 2012, from the minimum value of 0.0025 million tons in AGXIHB, Xilin Gol League (The Xilin Gol League is an alliance of the Inner Mongolia Autonomous Region located in North China, in the central part of the Inner Mongolia Autonomous Region. AGXIHB is a county affiliated with Xilin Gol, located in the southwestern part of the Xilin Gol grassland in Inner Mongolia. This area is an important new green industrial base, an important commercial base, and a trade logistics node and distribution center in the southern part of Xilin Gol.) to the maximum value of 1178.80 million tons in Otog, Erdos (Erdos is a prefecture-level city under the jurisdiction of Inner Mongolia located in southwestern Inner Mongolia. Otog is a county governed by Erdos and located in western Erdos.), the distribution of county-level CO 2eq emissions was spatially discrete but slightly agglomerated in some areas. Areas with high CO 2eq emissions were primarily located in southwestern and central Inner Mongolia, and eastern and northern Inner Mongolia emitted less CO 2eq emissions (Figure 2 ). Although the overall CO 2eq emissions in all counties in Inner Mongolia have increased annually, the growth rate has slowed (except in 2011). In addition, the number of counties with a negative growth rate has increased. In 2010 and 2012, there were more counties 
The Spatial Econometrics of the Driving Forces of County-Level CO2eq Emissions
Based on a comparison of these two spatial weighting models, the fitting degree of the spatial panel data model based on economic weighting is relatively poor compared to that of the spatial panel model based on geographical weighting. Therefore, of the driving factors that affect the countylevel CO2eq emissions in Inner Mongolia, the impact of economic disparity is relatively less important than that of the geographical distance. Consequently, the SDM with spatiotemporal fixed effects based on the geospatial weighting matrix in Table 1 is more suited to investigating the driving mechanisms of county-level CO2eq emissions in Inner Mongolian. It is worth noting that the model applied in this paper is robust and yields reliable results, as demonstrated by the traditional goodness-of-fit R 2 , the correct R 2 excluding fixed effects, and the relation coefficient results.
In the geospatial weighting matrix, Urban, PDGP, and TP pass the 1% statistical significance test, and IS passes the 5% significance test. Therefore, Urban, PDGP, TP, and IS are considered the primary factors that influence the spatiotemporal pattern of CO2eq emissions, and VC has no significant effect on the distribution in Inner Mongolian counties.
The urbanization rate is significantly negatively correlated with the CO2eq emissions in Inner Mongolian counties during the sample period. According to Table 3 (column 6), the elasticity coefficient of LnUrban for CO2eq emissions is −0.145 with a significance level of 1%, and the elastic hysteresis coefficient is 0.047 with a significance level of 10%. In this case, the direct effect is significant, and the indirect effect is not, implying that if one county increases its own urbanization rate by 1%, the county-level CO2eq emissions would decrease by approximately 0.143% in that county and increase by 0.021% in neighboring areas. Thus, urbanization can promote local energy savings and emission reductions. However, the influence of urbanization is not obvious in neighboring areas. 
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The urbanization rate is significantly negatively correlated with the CO 2eq emissions in Inner Mongolian counties during the sample period. According to Table 3 (column 6), the elasticity coefficient of LnUrban for CO 2eq emissions is −0.145 with a significance level of 1%, and the elastic hysteresis coefficient is 0.047 with a significance level of 10%. In this case, the direct effect is significant, and the indirect effect is not, implying that if one county increases its own urbanization rate by 1%, the county-level CO 2eq emissions would decrease by approximately 0.143% in that county and increase by 0.021% in neighboring areas. Thus, urbanization can promote local energy savings and emission reductions. However, the influence of urbanization is not obvious in neighboring areas. The GDP per capita is related to CO 2eq emissions growth in local counties and has less of an effect on neighboring areas in Inner Mongolia. According to Table 3 , the elasticity coefficient of LnPGDP is 0.365, with a significance level of 1%. In addition, the elastic hysteresis coefficient fails the significance test, indicating that spillover effects are not significant. According to the direct and indirect effects in Table 3 (columns 7 and 8), if the PGDP changes positively in local counties by 1%, the CO 2eq emissions in the county will significantly increase by 0.366%, and emissions in neighboring area will slightly and non-significantly increase by 0.063%.
Technological progress has had a negative impact on Inner Mongolian CO 2eq emissions. According to Table 3 , the elasticity coefficient of LnTP for CO 2eq emissions is −0.807, with a significance level of 1%, far outweighing other driving factors. Thus, LnTP is considered the key factor associated with CO 2eq emissions in Inner Mongolian counties. The elastic hysteresis coefficient is 0.239 with a significance level of 1%. According to the direct and indirect effects in Table 3 (columns 7 and 8), if one county increases its own technology level by 1%, an approximate decrease of 0.807% in CO 2eq emissions will occur in the local area, and a significant increase of 0.100% will occur in neighboring areas. This result indicates that energy savings and emission reductions can result from technological progress. In addition, although technology generally increases CO 2eq emissions in neighboring areas, the influence is still weak.
Increasing the proportion of secondary industry in the industrial structure has a significantly positive influence on the county-level CO 2eq emissions in Inner Mongolia. According to Table 3 , the elasticity coefficient of LnIS is 0.013 with a significance level of 5%, and the elastic hysteresis coefficient is −0.018, failing the significance test. As Table 3 (columns 7 and 8) shows, each 1% positive increase in secondary industry will lead to a significant 0.012% increase in CO 2eq emissions in the local area. Additionally, the spillover effects of the industrial structure are not significant, with a small negative impact of 0.019% in the neighboring areas.
The construction industry in Inner Mongolia has a negligible impact on county-level CO 2eq emissions. Table 3 shows that the elasticity coefficient, elastic hysteresis coefficient, direct effect, indirect effect, and gross effect results for LnVC are all not significant.
The CO 2eq emissions in all counties are influenced not only by the related local factors but also by CO 2eq emissions in neighboring areas. Table 3 indicates that the elastic hysteresis coefficient of LnCE is 0.191 with a significance level of 1%. Therefore, LnCE is associated with significant spatial spillover effects involving CO 2eq emissions in Inner Mongolian counties.
Discussion
Some scholars have suggested that with economic growth and an increase in per capita income, the environment will undergo an inverted U-shaped transformation process with initial deterioration and gradual improvement [55] [56] [57] [58] [59] . However, this study reveals that this transformation does not exist in Inner Mongolia. The effect of economic growth on carbon emissions was observed to be in the early stage of the inverted U-shaped curve; thus, economic growth has led to increased carbon emissions. Given that clean and regenerative models of production are not in place in Inner Mongolia, the economic growth pattern in Inner Mongolia is characterized as "extensive" and "high energy consumption". These findings explain why the direct promoting effect of economic growth on county-level CO 2eq emissions is still the key driving factor and why spillover effects are not negligible. This relation primarily results from a relatively low level of development. Additionally, the energy production and technological utilization levels are relatively poor in Inner Mongolia.
As a province with high energy consumption, economic development in Inner Mongolia is backed by large quantities of "cheap" energy. Coal-based energy consumption structures result in rigid energy consumption demands in terms of economic development, inevitably contributing to a dramatic increase in CO 2eq emissions in local areas [19, [60] [61] [62] [63] [64] . Emissions are further promoted by the industrial structure, which is biased toward heavy industry. Inner Mongolia is a resource-based region with economic development that heavily relies on secondary industries with high energy consumption and high pollution. Thus, industrial transformation is relatively difficult. The industrial structure should be optimized to reduce CO 2eq emissions in all counties of Inner Mongolia. This need was confirmed by the spatial panel econometric results for the industrial structure in this paper.
However, the effect of the industrial structure is relatively large. Thus, the unreasonable industrial structure restrains the development of a low-carbon economy in this area. Moreover, optimizing the industrial structure is conducive to energy savings and emission reductions in Inner Mongolia. The influence of such a shift in adjacent areas via spillover effects would be the same but not as significant. We attribute this phenomenon to the fact that the CO 2eq emission reductions achieved by optimizing the industrial structure in Inner Mongolia mainly influence local counties rather than radiating to a larger area due to regional differences, which restrains the benefits of transforming the industry. Inner Mongolia, which is currently in the process of rapid industrialization, has a large secondary industry that will continue to grow, but the emerging tertiary industry is also relatively important, and it is difficult to drastically change the corresponding industrial structure over a short period of time. Hence, the overdependence of the economy on secondary industry must be gradually reduced, and industrial development must shift from extensive, labor-intensive, and capital-intensive modes to intensive, knowledge-intensive, and technology-intensive modes. In addition, a resource-conserving and environment-friendly tertiary industry should be developed, and emerging low-carbon industries should be promoted for development.
Notably, the positive effects of economic growth and industrial structure changes will influence the spatial distribution of CO 2eq emissions. As shown in the spatial distribution map of CO 2eq emissions, zones with high CO 2eq emissions are primarily located in the southwestern and central areas of the province, which are situated in the "Golden Triangle", encompassing Erdos, Baotou (Baotou is a relatively large city under the jurisdiction of Inner Mongolia and is the manufacturing and industrial center of Inner Mongolia.), and Hohhot (Hohhot is the capital of Inner Mongolia and an important central city in the northern border area of China.). These three cities are industrial cities characterized by rapid economic growth and heavy industry. The zones with low CO 2eq emissions are mainly located in the eastern and northern areas of the province, where economic development is lagging, and the industrial structure is dominated by agriculture and animal husbandry. The ecosystem here primarily consists of grasslands and forests. This finding indicates that CO 2eq emissions are highly related to economic development and the optimization of the industrial structure. Previous studies [39, [65] [66] [67] [68] also verified this result.
In addition to the factors discussed above, other factors play essential roles in promoting county-level CO 2eq emission reductions in Inner Mongolia. One factor is technological improvements. As the key driving force of economic growth, the impact of technological improvements (−0.807) on county-level CO 2eq emissions in Inner Mongolia is much higher than that for other factors. As a primary driver of production that can significantly improve the energy efficiency and promote the reduction of CO 2eq emissions, technical progress is a key factor involved in meeting emission reduction targets [69] . However, advances in technology will also result in rapid economic development [70] and an increased demand for energy. Under these conditions, the energy savings due to efficiency improvements will be offset by additional energy consumption due to rapid economic development, which is the so-called "rebound effect" [69] . As the spatial distance from industrial centers increases, access to technological advances will decrease. Thus, the energy efficiency in neighboring areas will not be significantly improved, but the energy demand and CO 2eq emissions will likely increase. Therefore, technological progress has a positive spatial spillover effect with some inhibitory results.
In conclusion, Inner Mongolia should prioritize the introduction of advanced technology in high-carbon industries. At the same time, clean energy strategies should be developed to promote low-carbon economic development in all Inner Mongolian counties.
Another factor that has curbed the increase in CO 2eq emissions in Inner Mongolian counties is urbanization. Urbanization has had a positive impact on CO 2eq emissions in 84% of countries globally [15] . However, the effect of urbanization in Inner Mongolia has been the opposite. This phenomenon results from the uncertain effects of accelerated urbanization. Rapid urbanization can not only reduce energy consumption and emissions by effectively utilizing public infrastructure (e.g., public transportation) and enhancing the environmental efficiency [71, 72] , but it also leads to a higher energy demand and increased CO 2eq emissions [73] [74] [75] [76] . Further urbanization will inevitably lead to an increased population and additional pressure on the fragile ecosystem [77] . Considering the actual situation in Inner Mongolia, where the urbanization level is relatively low, promoting urbanization will result in the effective use of local public infrastructure, reduced energy consumption, energy savings, and emission reductions [70] . Eventually, the threshold of the "urbanized economy" will be reached. However, in neighboring areas, the effect is the opposite. The utilization of public infrastructure due to urbanization does not have a positive effect on neighboring areas, but CO 2ea levels will likely increase in these areas due to rapid urbanization.
The improvement of government energy policies, changes in public perception regarding energy consumption, and energy efficiency improvements will together slow the CO 2eq emissions growth rate to a large extent [78] . Based on the results of this study, although the overall CO 2eq emissions in Inner Mongolia have increased annually, the growth rate of CO 2ea emissions in all counties has slowed. This result was co-achieved by the increased emphasis on emission reductions in recent years, the rapid economic development, and public concern for environmental quality. Thus, more attention has been given to low-carbon, energy-saving, and environmentally friendly technologies, as well as improvements in the effective utilization of energy resources. To further increase energy savings and reduce emissions, the spatially-dependent effects of CO 2ea emissions resulting from spatial interactions in neighboring areas must be considered. The spillover effect of CO 2eq emissions in Inner Mongolia from 2007 to 2012 was significant. The CO 2ea emissions in all counties are influenced not only by local relevant factors but also by those in neighboring areas. Consequently, all counties should determine the relevant dependence effects of CO 2ea emissions on energy conservation, emission reduction, and policy development strategies. Counties should strengthen their cooperation and work closely to ensure synergistic development in all regions to guarantee the effectiveness of policies and achieve mutual benefits in a win-win situation.
Conclusions
Based on the spatiotemporal evolution of CO 2eq emissions in Inner Mongolian counties, this paper applied the SDM, a spatial panel econometric model, to quantitatively investigate the CO 2eq emissions and corresponding driving mechanism in 101 counties of Inner Mongolia. The following conclusions were obtained from the study.
CO 2eq emission reductions in Inner Mongolia are limited. The regional CO 2eq emissions increased by 7.270% annually during the study period, from 287.69 million tons in 2007 to 510.47 million tons in 2012. In addition, carbon emissions were found to vary greatly in the different counties of Inner Mongolia, and the regional CO 2eq emissions were shown to be highly spatially heterogeneous.
The urbanization level of counties, GDP per capita, and technological progress are the primary factors that affect CO 2eq emissions in Inner Mongolia. Specifically, technological progress and the urbanization level can reduce county-level CO 2eq emissions in Inner Mongolia, and the effect of the former (0.807) far exceeds that of the latter (0.143). Conversely, the GDP per capita and industrial structure promote CO 2eq emissions in Inner Mongolian counties. Each 1% positive increase in these factors will lead to increases of 0.366% and 0.012%, respectively, in CO 2eq emissions in local areas.
Moreover, the spatial spillover effects of CO 2eq emissions are not negligible. Among the factors that influence the Inner Mongolian counties, the spillover effect of technological progress is significant. The spatial spillover effect promotes an increase in CO 2eq emissions in neighboring areas (0.100). However, the impacts of the urbanization rate, GDP per capita, and industrial structure in the neighboring areas are not significant, and the corresponding spillover effects are negligible.
